related modestly with MI size (r = 0.28, p < 0.05), LV end-diastolic volume index (r = 0.40, p < 0.01), LV end-systolic volume index (r = 0.43, p < 0.01) and LVEF (r = -0.39, p < 0.01). Conclusion: There was no relationship between Gal-3 levels and acute ischemic myocardial injury. A significant, modest relationship between Gal-3 levels, MI size and LV remodeling was only found in patients with old MI.
Introduction
Cardiovascular (CV) disease is a major cause of death in the Western world [1] . Despite substantial progress regarding the diagnosis and treatment of these patients, risk stratification remains a challenge. Galectin-3 (Gal-3) has emerged as a promising, novel risk marker in patients with CV disease. Gal-3 is a protein of the lectin family involved in inflammation and fibrosis in various organs, including the heart. It is produced in macrophages, is crucial for macrophage phagocytic function and secreted Gal-3 stimulates the fibroblast production of collagen type I [2, 3] . Observational studies suggest a role for Gal-3 in the development of adverse cardiac remodeling [2, 3] . In a clinical setting, it has been proposed to predict heart failure (HF) [4] and all-cause mortality in the general population [4, 5] as well as being a marker of an increased risk of CV events in patients with HF [3, 6, 7] , especially those with diastolic dysfunction [7] [8] [9] . It has also been suggested that Gal-3 may be used to guide medical therapy in patients with HF [10, 11] . Its use in clinical practice is prominent, and it has been included in the latest ACC/AHA guideline for the management of HF, with a IIb recommendation for risk stratification of patients with HF [12] .
Coronary artery disease (CAD) is a major cause of HF [13] . Gal-3 has been extensively studied in HF populations, but less is known regarding the relationship between Gal-3 and CAD. There are recent data indicating that Gal-3 predicts long-term CV mortality also in patients with CAD [14] . However, there are unsolved questions on Gal-3 and its relationship to myocardial infarction (MI), especially in the acute phase. The healing of transmural MI includes inflammation and subsequent scarring of the necrotic myocardium. Furthermore, the loss of contractile force might trigger adverse left-ventricular (LV) remodeling, with fibrotic changes not only in the necrotic area but also in the noninfarcted myocardium [15, 16] . Both these processes, which are pivotal after acute MI, might theoretically cause an upregulation of Gal-3. This assumption is supported by laboratory data [17] . Accordingly, one might expect a relationship between Gal-3, infarct size, infarct healing and LV remodeling in patients with MI, although previous clinical studies on this topic are equivocal [17] . The aim of this study was to study circulating levels of Gal-3 in patients with acute ST-elevation MI (STEMI) and patients with previous complicated MI, and to explore the relationship between Gal-3, MI size and the parameters of LV remodeling assessed by cardiac magnetic resonance (CMR) imaging.
Methods

Study Population
In order to address the relationship between Gal-3 and CAD in both acute STEMI and previous complicated MI, 3 populations were included in this study. All patients were required to be without evidence of inflammatory disease or any contraindication to CMR examination including an estimated glomerular filtration rate (eGFR) <30 ml/min/1.73 m 2 (due to the use of gadolinium containing contrast agent during the CMR examination).
Group 1 consisted of 38 patients with first-time, acute STEMI, single-vessel disease, with a large, occluded coronary artery, successfully revascularized by primary percutaneous coronary intervention (PCI) without any residual stenosis. Group 2 consisted of 52 patients with a history of complicated MI. They were drawn from a registry of patients included in the Comparison of the Effects of Losartan and Captopril on Mortality and Morbidity in Patients following Acute Myocardial Infarction (OPTIMAAL) trial [18] , at a single center (in Stavanger, Norway). The major inclusion criteria in the OPTIMAAL trial were acute MI complicated with HF, LV ejection fraction (LVEF) <35%, or new Q-wave or anterior-wall acute MI, and the objective was to compare losartan (50 mg) with captopril (150 mg) in such patients. As a consequence, all patients were treated with an angiotensin-converting enzyme inhibitor or an angiotensin receptor blocker. Inclusion in the present study took place, on average, at 4.4 years after MI.
Group 3 served as a reference and consisted of 22 healthy individuals, age-and gender-matched with group 2. All subjects in this group were without medical therapy, and had no history or symptoms suggestive of CV disease. No CV events occurred in this group during a follow-up spanning 1 year.
This study was approved by the Regional Ethics Committee at the University of Bergen, and all patients gave their informed consent prior to their inclusion. The investigation conformed to the principles outlined in the Declaration of Helsinki.
CMR Imaging Exams
Patients in group 1 were assessed by late gadolinium-enhanced CMR at 4 different time points after MI: at 2 days, 1 week, 2 months and 1 year after PCI, respectively. The patients in group 2 were examined by CMR once, on average at 4.4 years after the index MI.
CMR was performed with a 1.5-T Philips Intera R 8.3. Functional assessment (LVEF and LV end-diastolic and end-systolic volumes) was performed according to current recommended standards with the use of steady-state, free-precession sequence covering the whole left ventricle with 8-mm-thick, short-axis slices and interslice gaps of 2 mm. Assessment of LV volumes was performed on full, short-axis datasets in a random, blinded fashion, using View Forum TM software (Philips Medical Systems, Best, The Netherlands). Indices for LV volumes, i.e. LV end-diastolic volume index (LVEDVi) and LV end-systolic volume index (LVESVi), were obtained by correcting for body surface area.
After performing the assessment of LV volumes and LVEF, a gadolinium-based contrast agent, Omniscan ® , was administered intravenously at a dose of 0.25 mmol/kg in order to reduce problems with early washout. Late gadolinium-enhanced images were acquired 10-15 min later, using an inversion-recovery-prepared T 1 -weighted gradient-echo sequence with a typical pixel size of 0.82 × 0.82 mm 2 , covering the whole ventricle with short-axis slices of 10 mm thickness, without interslice gaps. Inversion recovery sequences were performed with individually adapted inversion times of 200-300 ms, aiming to nullify normal myocardium. MI sizes were quantified using these images, and are expressed as percentage of total LV mass.
Laboratory Analysis
Patients in group 1 had venous blood drawn prior to primary PCI, and at each CMR assessment, i.e. at 2 days, 1 week, 2 months and 1 year following revascularization. Group 2 had venous blood samples taken at the CMR exam at a mean of 4.4 years after the index infarction. To obtain platelet-poor plasma, pyrogen-free blood collection tubes were immediately immersed in melting ice (EDTA-containing tubes) and centrifuged within 20 min at Singsaas/Manhenke/Dickstein/Orn Cardiology 2016;134:398-405 DOI: 10.1159/000445103 400 2,500 g for 20 min. For serum, tubes without any additives were kept at room temperature and centrifuged at 1,000 g for 10 min after coagulation. All samples were stored at -80 ° C.
Gal-3 was determined using a commercially available enzymelinked immune-sorbent assay (ELISA; BG Medicine, Inc., Waltham, Mass., USA). High-sensitivity C-reactive protein (hsCRP) concentrations were analyzed by a particle-enhanced immunoturbidimetric method with the use of a Roche Modular P automated clinical chemistry analyser (Roche Diagnostics, Basel, Switzerland) and reagents of Tina-quant C-reactive protein (latex) assay (Roche Diagnostics). N-terminal probrain natriuretic peptide (NT-proBNP) was determined with a Roche Diagnostics NTproBNP assay on an ElecSys 2010 analyser (Roche Diagnostics). Troponin-T (TnT) concentrations were also measured on this analyser, with the immunoassay TnT (Roche Diagnostics), using biotinylated monoclonal TnT-specific antibody and a monoclonal TnT-specific antibody labelled with ruthenium forming a sandwich complex. Creatinine levels were measured in serum using a photometric method. eGFR was calculated using the Modification of Diet in Renal Disease (MDRD) study equation. The analysis of TnT, NT-proBNP and hsCRP was limited to group 1, and was not performed at the last CMR exam 1 year after MI.
Statistical Analysis
The statistical analysis was computed in a commercially available statistical calculation program (IBM SPSS v21, IBM, Armonk, New York, N.Y., USA). Continuous values are presented as median and interquartile range (IQR) and p values, and categorical values as absolute number, percentage and p values. Due to the low number of patients in each group, nonparametric methods were used. The Friedman test was used to compare continuous related samples and the Mann-Whitney U test when the samples were unrelated. Categorical data were compared using the Pearson χ 2 test and the Fisher exact test. Correlation between data was examined using the Spearman method. A two-sided p value <0.05 was considered significant. However, since a number of statistical calculations were made, and in order to adjust for multiple testing, particular attention should be given to the value p <0.01.
Results
Baseline Characteristics
Patient characteristics at baseline (group 1 at 1 year and group 2 at 4.4 years following the index MI) are presented in table 1 . When compared with group 2, patients in group 1 were younger (61 vs. 69 years; p < 0.01), had fewer smokers (45 vs. 65%; p = 0.05) and a larger proportion were male (79 vs. 58%; p = 0.04). In the acutely revascularized STEMI group (group 1), no patient required a new revascularization procedure during the first year following the index MI. In contrast, among the patients with a history of complicated MI (group 2), 17% were revascularized by PCI and 15% by CABG during the 4.4 years following the index MI. All patients in group 1 were treated with acetylsalicylic acid compared to 87% in group 2 (p = 0.02). Fewer patients in group 1 than group 2 were treated with diuretics: 13 versus 39% (p < 0.01). Median eGFR was 97 (70.5-123.5) and 74.5 (44.5-104.5) ml/ min/1.73 m 2 in group 1 and group 2, respectively (p < 0.01). There were no significant differences in CMR findings between the 2 groups, although a trend towards larger MI size (p = 0.06) was observed for group 1 versus group 2 ( table 2 ) .
Galectin-3 Levels
The median Gal-3 value of the healthy controls was 10.16 (5.59-14.73) ng/ml. Compared with the controls, Gal-3 levels were significantly (p = 0.03) higher both in group 1 at 1 year (11.93, 6.34-17.52 ng/ml) and in group 2 at 4.4 years after the index MI (12.96, 6.33-19.29 ng/ml). There was no difference (p = 0.73) in Gal-3 levels between these 2 groups ( fig. 1 ) . In group 1, 2.8% of the patients had Gal-3 above the FDA-cleared threshold value ( ≥ 17.8 ng/ ml) before PCI, while 10.5% had elevated levels at 1 year post-MI. In group 2, 11.5% of the patients had Gal-3 levels above this limit. The Gal-3 levels did not change significantly during the first year following acute MI (group 1: n = 23; fig. 2 ). In both groups, Gal-3 was negatively correlated with eGFR at baseline (group 1: Gal-3 at 1 year, r = -0.40, p = 0.01; Group 2: r = -0.63, p < 0.01).
Gal-3, Other Biomarkers and Imaging Parameters
In group 1, the median NT-proBNP measured before PCI was 14.5 pmol/l (6.6-23.1), at 2 days 157.0 pmol/l (118.1-305.2), and at 1 week post-PCI 55.6 pmol/l (32.1-114.6), whereas the median NT-proBNP at 2 months was 32.9 pmol/l (21.0-79.3; p < 0.01 for the comparison of all time points). Gal-3 assessed before PCI showed a weak correlation with NT-proBNP at 2 days (r = 0.45, p = 0.04) and 1 week (r = 0.44, p = 0.05), while the strongest association between Gal-3 and NTproBNP was found between Gal-3 at 2 days and NTproBNP at 1 week (r = 0.57, p = 0.01). Gal-3 levels analyzed at 2 months post-PCI were weakly correlated with NT-proBNP at 2 days (r = 0.46, p = 0.04) and 2 months (r = 0.44, p = 0.05). Gal-3 measured at 1 week and 1 year after PCI was not associated with NT-proBNP measured at any time point.
In group 2, the median NT-proBNP was 236.6 pmol/l (98.3-491.0). NT-proBNP correlated significantly with Gal-3 (r = 0.47, p < 0.01), LVEDVi (r = 0.39, p < 0.01) and LVESVi (r = 0.34, p = 0.01), but not with LVEF and MI size. NT-proBNP was significantly higher in group 2 compared to at all time points in group 1 (p < 0.01), except during the acute course of STEMI (2 days post-PCI). Gal-3 levels in group 1 (at 1 year following STEMI, n = 38), group 2 (>4 years after MI, n = 52) and healthy controls (n = 22). Both patient groups had higher Gal-3 levels than the healthy controls, but levels similar to each other. The bottom and the top of the boxes represent the first and the third quartiles, respectively, while the band inside the boxes corresponds to the median value. The whiskers depict the minimum and the maximum value. 
Gal-3 and CMR Imaging Parameters
In group 1, there was a highly significant decrease in infarct size (p < 0.01) and LVESVi (p < 0.01) but not in LVEDVi during the first year following revascularized MI. Surprisingly, there was no significant correlation between Gal-3 levels and MI size, LV volumes or LVEF at 1 year following MI (n = 38). Furthermore, there was no association between Gal-3 concentrations and infarct size, LV volumes or LVEF at any of the 4 time points during the first year after STEMI (n = 23). In contrast, in group 2, Gal-3 levels correlated modestly with infarct size (r = 0.28, p < 0.05), LVEDVi (r = 0.4, p < 0.01), LVESVi (r = 0.43, p < 0.01) and LVEF (r = -0.39, p < 0.01).
Discussion
This study presents novel, important data regarding circulating Gal-3 in ischemic heart disease. There was no relationship between Gal-3 levels and acute myocardial ischemic injury, a finding which is supported by the following results. First, there was no association between Gal-3 and infarct size or LV volumes assessed by CMR. Second, Gal-3 levels did not correlate with TnT, a marker of myocardial damage. Third, circulating Gal-3 did not change when measured at several time points during the course of acute STEMI. In contrast to the acute setting, there was a modest but significant relationship between Gal-3 levels, MI size and LV volumes in patients with old MI.
In the current study, no association was found between Gal-3 and LV volumes or infarct size at any of the 4 time points during the first year following successfully revascularized first-time STEMI. To date, only limited data are available regarding the relationship between Gal-3 and cardiac structure and function in both MI and HF populations. Echocardiographic studies in HF have failed to demonstrate an association between Gal-3 and indices of LV size and systolic function [6, 19] , while Gal-3 was shown to correlate with parameters of diastolic function in a study on dyspneic patients with and without HF [6] . In 2 different STEMI populations, Gal-3 has been shown to correlate negatively with LVEF measured by echocardiography at 30 days post-MI [20] , and to be associated with MI size, but not LVEF, estimated by CMR at 4 months after STEMI [21] , respectively. In the latter population, when the patients were stratified according to Gal-3 level above or below the median concentration of 10.86 ng/ml, the patients with elevated Gal-3 had a significantly lower LVEF than those with low Gal-3 [21] . Our findings are compatible with the results of Weir et al. [22] , who assessed 100 patients with acute MI and LV dysfunction (echocardiographic LVEF <40%) without clinical or radiological signs of HF at the inclusion. In this population, assessed by CMR at baseline and after 24 weeks, no clear association between Gal-3 and infarct size or LV volumes was found when analyzed across the entire population, although Gal-3 at baseline showed a moderate correlation with LVEF at 24 weeks. On the other hand, in this study, Gal-3 was associated with remodeling in the subgroup of patients with baseline LVEF (at CMR) above the median of 49.2%. In a large, acute STEMI population (n = 247, a GIPS-III substudy) examined by van der Velde et al. [23] , patients with elevated Gal-3 (≥17.8 ng/ml) measured at hospital admission had lower LVEF, higher LV end-systolic volume and larger infarct size evaluated by CMR 4 months after the MI than patients with levels below this limit. Furthermore, baseline Gal-3 did predict LVEF and infarct size at 4 months; interestingly, in agreement with our study, Gal-3 measured at 4 months did not predict these parameters. In our study, no significant relationship between baseline Gal-3 and LV volumes or myocardial damage assessed according to TnT level or by CMR was identified in the patients with acute STEMI. There are important differences between this large population and the patients in our group 1, which could contribute to the divergent results between the 2 studies. All of our group 1 patients had single-vessel CAD with an acute proximal occlusion in the affected artery; this inclusion criterion was imperative for the creation of an experimental model seeking to isolate the myocardial effects of first-time STEMI from the influence of other factors. Among the patients studied by van der Velde et al. [23] , 55.9% had TIMI 0 flow, while the remaining 44.1% (36% TIMI 2 or 3) had flow in the culprit vessel at coronary angiography. In the original population of the GIPS-III trial, 68.1% of the patients had single-vessel disease [24] . Furthermore, a smaller proportion of our patients with acute STEMI had Gal-3 levels ≥ 17.8 ng/ml, 2.8% before PCI and 10.5% at 1 year post-MI, compared to the 16.2 and 16.6% at baseline and 4 months following MI, respectively, in the study by van der Velde et al. [23] . This could indicate differences in the background factors, the complexity of the underlying CAD and the pathological mechanism in the culprit vessel in the 2 populations, which could have implications for the relationship between Gal-3 and LV remodeling and MI size. If an association only exists between Gal-3, MI size and LV remodeling at certain time points after STEMI, it would indicate an intricate interplay between these factors that changes over time following MI.
In this study, we found elevated circulating Gal-3 levels in patients with MI (groups 1 and 2) compared to a healthy reference population (group 3). This is compatible with previous publications [20, 22, 25] . However, in contrast to other studies reporting a modest increase in Gal-3 after MI [22, 23] , we did not detect any significant changes in serum Gal-3 levels measured repeatedly during the first year following revascularized first-time STEMI. Previously, in a small population, Gal-3 was described as stable compared to baseline when measured 1 year after MI [26] . Considering the available laboratory research, the observation that Gal-3 is stable or increases only modestly after acute MI is unexpected. In rats, a 96-fold increase in Gal-3 mRNA expression was found in the infarcted myocardium during acute MI compared to controls [27] . In this model, the myocardial expression of Gal-3 in the infarcted area was reported to peak at 1 week post-MI, and Gal-3 mRNA expression in the remote myocardium was also significantly elevated when compared to rats without MI, but to a lesser degree than in the infarcted myocardium (3-vs. 96-fold) and with a later maximum value, at 6 months post-MI [27] . The relationship between serum Gal-3 levels and tissue levels has not been investigated in clinical studies on MI populations, but no correlation between circulating and myocardial Gal-3 could be demonstrated in hypertensive heart disease [28] . Therefore, a lack of an association between circulating Gal-3 levels, infarct size and LV remodeling may not rule out a role for Gal-3 at a myocardial level. Thereby, when interpreting our data in conjunction with previous publications, a clear picture describing the relationship between circulating Gal-3 levels and acute MI in humans has yet to be drawn.
Infarct size is a major determinant of adverse LV remodeling post-MI [16, 29] and, together with parameters of LV remodeling, is an important predictor of adverse CV events [30] [31] [32] . Although Gal-3 predicts morbidity and mortality in HF populations, no clear association between LV anatomy and systolic function (evaluated by echocardiography) and Gal-3 has been demonstrated. We utilized CMR, a more powerful tool than echocardiography, and found significant associations between Gal-3 and MI size and LV volumes in patients with previous, complicated MI. Gal-3 was correlated with NT-proBNP in these patients (r = 0.47, p < 0.01), but the 2 biomarkers did not correlate when measured at the same time point in the patients with acute STEMI. No significant differences in MI size and LV volumes were found between the 2 groups at the CMR exams; nevertheless, NT-proBNP was significantly higher in group 2 than in group 1 when measured after the acute phase of STEMI (1 week and 2 months post-PCI; p < 0.01). These findings imply a role for Gal-3 in maladaptive processes in long-term survivors of MI, but stand in contrast to the data in the patients with acute MI. Several factors may have contributed to the differences. Compared to the patients with acute MI, the patients with previous MI were older, had more complicated disease and more time had elapsed since the index event. More elapsed time could indicate an increased fibrotic state, which might implicate higher levels of Gal-3 [33, 34] . Advanced age has previously been linked to higher levels of Gal-3 [6, 10] . Furthermore, the patients in group 2 had more severe CAD, which might be suggestive of increased low-grade inflammation and fibrosis [35] . Both fibrosis and inflammation have been associated with increased Gal-3 levels [2, 3] . Further clinical studies are warranted to elucidate both the mechanistic role of Gal-3 in the pathophysiology of acute and old MI and HF and its possible utility in patient risk stratification in acute and old MI.
Limitations Conclusion
Gal-3 levels are elevated in patients with ischemic heart disease when compared to healthy individuals. In acute MI, we could not demonstrate a relationship between Gal-3 levels and infarct size or LV volumes, and we found no significant change in Gal-3 levels either during the acute phase or in the first year following acute MI. In contrast, Gal-3 levels were modestly correlated with MI size and LV remodeling in patients with old MI. These findings may suggest that circulating Gal-3 levels do not reflect myocardial damage subsequent to acute myocardial ischemia. Further studies, both experimental and clinical, are needed to clarify the role of Gal-3 in the pathophysiology of ischemic heart disease, and the utility of this biomarker in this clinical setting.
